This paper describes magnetic properties and microstructures of Sm-Fe-N thick films prepared by the aerosol deposition (AD) method. The maximum thickness (d) of 77 mm was obtained in the AD conditions of gas flow rate ðgfrÞ ¼ 6 Â 10 À3 m 3 /min for 4 min. From this result, the deposition rate was estimated as 19 mm/min. The density () of Sm-Fe-N films were in the range of 4:9 Â 10 3 -5:9 Â 10 3 kg/m 3 , which were 64-77% of the X-ray density of the Sm 2 Fe 17 N 3 compound reported (7:67 Â 10 3 kg/m 3 ). However, they were higher than the density of the green compact of Sm-Fe-N host powders (3:86 Â 10 3 kg/m 3 ). The Sm-Fe-N AD films showed the remanences (B r ) of 0.36-0.42 T, which were 58-68% of that of host powder (0.62 T). The coercivities ( 0 H cJ ) increased from 1.16 T to 1.69-1.86 T after the deposition because the average grain size decreased from 1.94 to 0.32 mm. XRD analysis revealed that the ratio of peak intensity of (006) to (033) in the Sm-Fe-N AD films was higher than that in the host powder. In addition, the remanence measured in perpendicular to the film plane was higher than that in parallel after the compensation of demagnetizing field. Therefore, it is considered that the c-axis in Sm-Fe-N AD films has a tendency to align in perpendicular to the film plane.
Introduction
Rare earth magnets with thickness less than 300 mm are strongly demanded in the trend of downsizing motors and electromagnetic devices. Mechanical method is one of the simple methods to reduce the thickness of bulk rare earth magnets. Recently, Nd-Fe-B sintered magnets with thickness of 300 mm 1) and Sm-Fe-N bonded magnets with thickness of 400 mm 2) have been reported. However, the influences of defects introduced in surface by mechanical methods become serious in film magnets, resulting in low magnetic properties. On the other hand, a sputtering method is convenient to obtain film magnets, [3] [4] [5] but it is difficult to obtain high deposition rate. Many researchers have applied a pulsed laser deposition (PLD) in preparing rare earth film magnets because of its high deposition rate. [6] [7] [8] However, its deposition rate has not been sufficient for manufacturing film magnets.
The aerosol deposition (AD) is one of the attractive methods with high deposition rate and it has a possibility to fabricate fine ceramics films such as PZT and Al 2 O 3 with high density. 9, 10) In our previous papers, 11, 12) we have applied this method for the fabrication of Sm-Fe-N thick film magnets and high coercivities were obtained in the AD films. However, the relationships among AD conditions, magnetic properties and microstructures are not clear yet. Therefore, the purpose of this study is to investigate the relationships.
Experimental Procedure
The Sm-Fe-N powder for AD method was provided from the Sumitomo Metal Mining Co. Ltd., which was produced by a reduction and diffusion method. The principle and details of the AD method were described in our previous paper.
11) Helium gas was used as a carrier gas and the gas consumption (gas flow rate: gfr) was varied from 2 Â 10 À3 to 6 Â 10 À3 m 3 /min. The substrates used in this investigation were SiO 2 with size of 10 mm Â 10 mm Â 1 mm. The metal mask with the size of 8 mm Â 8 mm, which was made of stainless steel, was also used. They were placed at a distance of 10 mm from the nozzle, and were maintained at room temperature.
The area and thickness of films were measured by a surface profilometer, which were used for the calculation of film volume and film density. In order to compare with the density of AD film, the green compacts were made from the host powder at a pressure of 150 MPa. The magnetic properties were measured by a vibrating sample magnetometer (VSM) after applying a pulsed field around 4 T. The magnetization values were calculated using film density and the X-ray density of the Sm 2 Fe 17 N 3 compound (7:67 Â 10 3 kg/m 3 ) reported. For the evaluation of the AD films, the magnetization values were compared with that of the host powder derived from the weight of powder and the X-ray density of the Sm 2 Fe 17 N 3 compound (Th 2 Zn 17 -type structure, lattice constants a ¼ 0:8557 nm, c ¼ 1:2437 nm 13) ). The microstructures were observed using X-ray diffraction (XRD) and scanning electron microscopy (SEM) techniques.
Results and Discussion
Figure 1(a) shows the variation of Sm-Fe-N film thickness (d) deposited by the AD method for 4 min versus gas flow rate (gfr). In the conditions of gfr ¼ 2 Â 10 À3 and 4 Â 10 À3 m 3 /min, the thickness of the AD films was not large. However, the thickness increased with increasing gfr, and a maximum thickness (77 mm) was obtained at gfr ¼ 6 Â 10 À3 m 3 /min. In this condition, the deposition rate was calculated as 19 mm/min, which was more 10 times as high as that of the conventional PLD method. Figure 1(b) shows the relationship between the film density () and gfr. The density of Sm-Fe-N films showed a tendency to increase with increasing gfr and changed from 4:9 Â 10 3 to 5:9 Â 10 3 kg/m 3 . The relative density, which was calculated using X-ray density of the Sm 2 Fe 17 N 3 compound (7:67 Â 10 3 kg/m 3 ), was also shown in Fig. 1(b) . It was in the range of 64-77% and these values were so high comparing with the green compacts, whose density and relative density were 3:86 Â 10 3 kg/m 3 and 52%, respectively. Therefore, it is concluded that the AD method has a potential to produce higher dense film magnets than the conventional fabrication process of compression-type bonded magnets. Figure 2 shows demagnetization curves of Sm-Fe-N host powder and AD film deposited with gfr ¼ 6 Â 10 À3 m 3 /min for 4 min. The demagnetization curves of AD film were measured in directions parallel (para.) or perpendicular (perp.) to the film plane. The demagnetization curves revealed that the Sm-Fe-N AD film exhibited lower remanence (B r ) and higher coercivity ( 0 H cJ ) than the host powder. In the demagnetization curve of the AD film, one inflection was observed, which suggested the existence of a soft magnetic phase. Figure 3 summarizes magnetic properties of the AD films deposited with gfr ¼ 2 À 6 Â 10 À3 m 3 / min for 4 min. The B r values shown in Fig. 3(a) were in the range of 0.36-0.42 T, which were 58-68% of that of the SmFe-N host powder (0.62 T). These low remanences were considered to be related to the low film density and oxidation of the AD films. The 0 H cJ values shown in Fig. 3(b) increased from 1.16 T to 1.69-1.86 T after deposition but they were independent of gfr.
In order to investigate the microstructure of the Sm-Fe-N AD films, SEM observations were carried out. Figure 4 shows SEM photographs taken from the Sm-Fe-N host powder (a), surface (b) and cross section (c) of Sm-Fe-N AD film deposited in the conditions of gfr ¼ 6 Â 10 À3 m 3 /min for 4 min. The host powder exhibited flake like shape and the average size was 1.94 mm. From the SEM photograph shown in Fig. 4(b) , the surface of AD film was not so flat and consisted of two kinds of microstructure. One was the region where densification proceeded and the other was the region with low density. These two kinds of microstructure were considered to be related to the surface roughness of the AD film. However, in both regions, the film was composed of small particles of 0.2-0.4 mm, which were smaller than the average size of the host powder. Figure 4 (c) taken from the fractured surface of cross section of the AD film revealed that the shape of particles was ellipse and the densification proceeded. The average grain size observed from this photograph was around 0.32 mm. It can be concluded that the grain refinement occurred during the AD method and it resulted in high coercivities. Figure 5 shows XRD patterns of the Sm-Fe-N host powder and the AD film deposited with gfr ¼ 6 Â 10 À3 m 3 /min for 4 min. Both samples were considered to be mainly composed of the Sm 2 Fe 17 N x compound. However, small amount ofFe phase was observed in the AD film. This -Fe phase influenced the magnetic properties, and the inflection that observed in the demagnetization curve in Fig. 2 was due to the presence of this phase. Considering X-ray peak intensity of the Sm 2 Fe 17 N x compound, the ratio of (006) to (033) was calculated as 0.62 in the AD film, which was higher than that in the host powder (0.33).
In order to clarify the alignment of c-axis of the Sm 2 Fe 17 N x compound during the AD method, demagnetizing factor was determined by measuring Ni plate with almost same size of the AD films. It is well known that the demagnetizing field (H d ) was defined as the expression (1).
The demagnetization curves of Ni plate were measured in directions parallel or perpendicular to the film plane. Assuming that the demagnetizing factor of parallel direction N para ¼ 0 and the demagnetization curve measured in perpendicular direction agreed with that measured in parallel, the demagnetizing factor of perpendicular direction (N perp ) was estimated as 0.882. Using this demagnetizing factor, the VSM measurement of Sm-Fe-N AD film deposited with gfr ¼ 6 Â 10 À3 m 3 /min for 4 min was carried out, and the result is shown in Fig. 6 . The B r of perpendicular direction was 0.49 T, which was higher than that of parallel direction (0.42 T). This results supported the XRD analysis shown in Fig. 5 and it is concluded that the c-axis in Sm-Fe-N AD films has a tendency to align to the direction perpendicular to the film plane. 
